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Abstract—Bit-error rate (BER) performance of differential 16
STAR-QAM in frequency-selective Rician fading channels with
diversity reception is theoretically analyzed for three different
types of delay profiles: double-spike, one-sided exponential, and
Gaussian profiles as well as two kinds of pulse-shaping filtering:
a raised cosine (RC) Nyquist signaling pulse and the rectangular
pulse. The effect of time delay between line-of-sight (LOS) and
multipath components is also included in the analysis and shown
to degrade the system performance significantly.
Index Terms—Diversity reception, frequency-selective Rician
fading, probability of error, quadrature amplitude modulation.
I. INTRODUCTION
ONE CLASSIFICATION of mobile radio channels is slowfrequency-selective fading, where a quasi-static model
can be employed. This category applies to all digital mobile
radio systems with bit rates higher than 80 kb/s for a delay
spread of around 2 s [1, ch. 2]. Error probability of 16
STAR-QAM in frequency-nonselective Rician fading channels
with diversity reception has been analyzed in [2]. Very re-
cently, analysis for diversity reception of circular 16-DAPSK
(another commonly used name for differential 16 STAR-
QAM) in frequency-selective Rayleigh fading channels with a
rectangular-shape power delay profile has been published by
Chow et al. [3].
This paper investigates the error performance of differential
16 STAR-QAM under frequency-selective Rician fading with
diversity reception. A Rician fading model is suitable for
suburban areas where a line-of-sight (LOS) path often exists.
This may also be true for microcellular or picocellular systems
with cells of less than several hundred meters in radius. Rician
fading is characterized by the factor, which is the power
ratio of the LOS and the diffused components. It represents
Rayleigh fading when and no fading when .
Rician fading, thus, can be considered a general fading model
for land mobile channels. In addition to the rms delay spread
analyzed by Chow et al., we in this paper evaluate the effects
of the Rice factor, Doppler spread, and time delay between
LOS and multipath components on the bit-error rate (BER)
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performance with diversity reception. Moreover, the method
presented here applies to any shape of power delay profile.
The description of the channel model considered in this
paper is given in Section II. It is to be noted that our model is
quite different from the one which Korn often assumed in his
BER analysis of angle modulation systems in Rician fading
[4]–[6]. Our model assumes that the diffused component is
dispersed in time, while Korn did not consider time dispersion
in his model of the diffused component. The system model
is presented in Section III, and formulas for evaluating error
probability are developed in Section IV. Section V presents
and discusses the error probability results computed using the
formulas developed in Section IV.
II. CHANNEL MODEL
From Bello’s work [7], a randomly time-variant channel can
be described by its time-variant transfer function —the
random transfer function of the channel at any specific time .
The random spectrum of the channel output is then the product
of the spectrum of the transmitted signal and . When
the filtering effect of a channel attenuates certain frequencies
more than others within the signal bandwidth, the channel
shows frequency selectivity to the system.
The channel impulse response , a complex random
process of time , is the inverse Fourier transform of
(1)
The Fourier relation is between frequency variable and delay
variable . The frequency selectivity of a channel is associated
with the different time delays of propagation paths. In time
domain, multipath propagation with delay spread manifests
itself as time dispersion, which stretches a signal in time so
that the duration of the received signal is greater than that
of the transmitted signal. In digital systems, this results in
intersymbol interference (ISI).
We assume that the receiver sampling timing is ideally
locked to the LOS component, therefore, the received signal
can be expressed so that the LOS component has no time delay.
For a general Rician fading channel, the received signal can
be written as
(2)
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where and are, respectively, the powers of the specular
and diffused components and is the transmitted signal.
is the usual additive white Gaussian noise (AWGN).
may be interpreted as the response of the low-pass
equivalent time-varying channel at time due to an impulse
applied at time . According to the central limit theorem,
approaches a complex Gaussian random variable at
any specific time because it is a combination of a large
number of multipath signals [8]. Therefore, is modeled
as a zero-mean complex-valued Gaussian random process.
Considering a wide-sense stationary uncorrelated scattering
(WSSUS) channel [1], the autocorrelation function of the
channel impulse response can be expressed as
(3)
where represents the autocorrelation function of
of a WSSUS channel. is the maximum Doppler
frequency of the Rayleigh faded multipath component, and
is the zeroth-order Bessel function: , which is
known as the power delay profile, describes the channel power
distribution as a function of delay. The power delay profile is
measurable in various mobile and indoor radio environments.
Some measurement results are documented by Devasirvatham
[9], [10]. While the Gaussian profile is a widely used model,
another simple model of delay profile is the double spike.
According to mobile propagation measurements in urban areas
[11], there exists a one-sided exponential profile sometimes
with several spikes. In this paper, three different types of
delay profile are considered [assuming
without loss of generality]:
1) one-sided exponential profile
if
elsewhere
(4)
2) double-spike profile
(5)
3) Gaussian profile
(6)
In (4)–(6), is the mean time delay of the diffused component
(note that because the receiver ideally locks to the LOS
component, the LOS component is assumed to have no time
delay), and is the rms delay spread, which can serve as
a measure of the spread of and is defined as
(7)
The three delay profiles are illustrated in Fig. 1. It is
shown in [8] and [12]–[14] that the error rates for transmission
through a frequency-selective fading channel are strongly
dependent on the rms delay spread.
(a)
(b)
(c)
Fig. 1. Illustration of typical power delay profiles: (a) one-sided exponential
profile, (b) double-spike profile, and (c) Gaussian profile.
III. SYSTEM MODEL
The differential 16 STAR-QAM is a combination of an
independent set of eight-level differential phase shift key-
ing (8DPSK) and binary differential amplitude shift keying
(2DASK). The transmitted carrier signal with unity power can
be expressed in the low-pass equivalent complex form as
(8)
where is the symbol duration and the pulse represents
the transmitter filter. In (8), , where
is the two-level amplitude and
– is the eight-level phase. Let be the
amplitude ratio. On the assumption of equiprobable transmis-
sion of amplitude bits and to make sure that the modulated
signal carries unit power, an equality must
hold. Therefore, and . The set
of four binary message bits is differentially
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Fig. 2. L-branch diversity receiver.
encoded into the th symbol according to ,
where and . Gray
encoding of to is assumed for the 8DPSK.
For 2DASK, the carrier amplitude changes from to or
vice versa if , i.e., or , depending on the
previous amplitude while no change takes place if ,
i.e., .
Two types of transmit and receive filters and are
studied: 1) raised cosine (RC) filter with the RC transfer func-
tion equally split (square root of RC) between the transmitter
and receiver and 2) has unit value between interval
and zero elsewhere, and also has a square pulse
response with nonzero value between only. This
is realized by a one-symbol integrate-sample-and-dump
(I&D) filter.
In most practical situations as in high-bit-rate transmission,
in particular, the speed of the fading process is slow compared
to the symbol rate. For instance, a 900-MHz carrier frequency,
100-km/h traveling speed, and a bit rate of 64 kb/s would
result in a value of around 0.0052. It is reasonable to
assume that the channel impulse response is almost constant
over one symbol period, i.e., for
, but varies from symbol to symbol. We assume
that the transmitted signal is received via a frequency-selective
Rician fading channel by an -branch space diversity receiver
shown in Fig. 2. The receive antennas are separated from
each other sufficiently for obtaining almost independently
faded diffused components, but each antenna can have the
same LOS path with differing carrier phases because the
antenna separation is an order of several carrier wavelengths.
Since we are assuming that signal symbol timing is ideally
locked to the received specular component, the th-branch
receive filter output at is then given by
[12], [13]
(9)
where is the th-branch impulse response of the
channel. The function is given by
(10)
which is the receive filter response to the transmitted symbol
sequence. is the overall filter impulse response given by
(11)
for the RC pulse shaping, where is the rolloff
factor or
if
elsewhere
(12)
for the rectangular pulse shaping. For both pulse shaping, we
have
(13)
IV. EVALUATION OF AVERAGE ERROR PROBABILITY
To highlight the effect of delay spread on the probability of
error, we consider the case of very large signal-to-noise ratio
(SNR ) in which the additive Gaussian noise is neglected.
The approach used in this paper, however, is easily extended to
take into account of the noise effect. In the case of small SNR,
the decision errors will be largely caused by additive Gaussian
noise rather than the ISI, especially for small delay spread. As
is well known, when the error probability is plotted against the
SNR, it levels off to a constant value, called the irreducible
error floor, as the SNR becomes very large. The irreducible
error probability is the lower bound on the probability of error
for all SNR’s. In a frequency-nonselective fading channel,
this irreducible error floor is attributed to random FM noise.
However, when the channel is frequency selective as is the
case investigated in this paper, an additional cause for the
error is the delay spread induced ISI.
If the delay profile is confined to within s, only two
adjacent symbols need to be considered for ISI computation
for the rectangular pulse shaping. It is found from [17] that for
the RC pulse shaping with , the maximum ISI from
the second adjacent symbol is about 13–14 dB lower than that
from the first adjacent symbol for the time delays of to
. In this paper, we always make sure the power delay pro-
file for , hence, ISI comes from one symbol
on each side of the symbol under consideration. For differential
detection, a sequence of four symbols is involved in the BER
analysis. The probability of error depends on four consecutive
symbols denoted by , , ,
when the th symbol is under detection. We first
evaluate the BER conditioned on a certain pattern . For 16
STAR-QAM, this will be determined by evaluating the phase
detection error probability and amplitude detection
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Fig. 3. Average BER of 16 STAR-QAM in frequency-selective Rician fading with double-spike profile, K = 5 dB, d = 0, and fDT = 0 for
rectangular and RC pulse shapings ( = 0:5).
error probability separately and then combining the
results to obtain the eventual BER [2], [3].
A. Phase Detection Error
As is the case with frequency-nonselective Rician fading
[2], phase detection can be treated as 8DPSK detection for a
given four-symbol sequence . The upper bound of the error
probability for the 8DPSK detection conditioned on is given
by [2]
(14)
where . Defining the phase decision variable as
(15)
where is either or .
is a special case of a general quadratic form in complex-
valued Gaussian random variables defined in [15, eq. (1)],
which is given by
(16)
with and . Using the results in [15],
the probability of the phase decision variable being less than
zero conditional on is given by
(17)
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Fig. 4. Average BER of RC-16 STAR-QAM in frequency-selective Rayleigh fading (K = 0) with  = 0:5, d = 0, and fDT = 0.
where is the Marcum -function, is the th-
order modified Bessel function of the first kind, and
. In (17)
(18)
The statistical moments in (18) are obtained by letting
and
(19)
All the second moments are normalized to , and the means
are normalized to . Substituting the expressions of ,
(4)–(6), into (19), after some algebra the final expressions
of the second moments for the three delay profiles can be
obtained, but will not be included in this paper. Interested
readers please refer to [18, Appendix B]. The error probability
of phase detection now can be calculated using (14) and
(17)–(19).
B. Amplitude Detection Error
The amplitude bit is determined based on the amplitude ratio
of the two successively received symbols. This amplitude ratio
is given by
(20)
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Fig. 5. Average BER of RC-16 STAR-QAM in frequency-selective Rician fading with  = 0:5, K = 5 and 10 dB, d = 0, and fDT = 0.
Let the decision threshold be and , where
and . Referring to [2], the amplitude
detection error probability conditioned on is given by
if
if
(21)
The terms can be transformed into
, where can
be either or . Now define the amplitude decision
variable as .
This is also a special case of the general quadratic form in
complex-valued Gaussian random variables defined in (16),
with , , and . The probability
, has exactly the same expression as (17),
but some variables in (17) have different definitions from
(18) as given by
(22)
The error probability of amplitude detection can be
computed from (17), (19), (21), and (22).
C. Bit-Error Probability
Because the amplitude and phase detection processes are
independent, the average BER of 16 STAR-QAM conditioned
on pattern is obtained as
, where and are the BER’s
of the amplitude bit and phase bits, respectively. This is
a weighted sum of the BER for the amplitude and phase
detection. It is found in [19] that is slightly larger than
. Due to the Gray-coded eight-level phase modulation
and the binary amplitude modulation, and
. Therefore
(23)
The overall BER is evaluated by averaging over all
possible four-symbol patterns. Assuming an equally likely
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Fig. 6. Average BER of RC-16 STAR-QAM in frequency-selective Rician fading with exponential profile,  = 0:5, K = 5 dB, and d = 0.
transmission of signal points, the average BER can be written
as
(24)
where the set comprises 16 four-symbol patterns. Certain
invariant properties can be utilized to reduce the size of the
set and, correspondingly, reduce the computation load. Re-
ferring to the Appendix, two invariant properties conjugating
and phase-offsetting transformations of are applicable to
the computation of average BER resulting from frequency
selectivity.
V. RESULTS AND DISCUSSIONS
The assumption that the ISI comes only from the two
adjacent symbols places a restriction on the maximum value
of the rms delay spread and the LOS multipath time delay.
If at least 90% of the area of is required to lie within
s, the following conditions must hold for the one-sided
exponential delay profile:
and
for the double-spike delay profile
and
for the Gaussian delay profile
where is the normalized rms delay spread and
is the normalized LOS multipath time delay.
The average BER has been calculated for three delay
profiles , and the BER curves are plotted against the
normalized rms delay spread in Figs. 3–9. The optimum ring
ratio and amplitude decision threshold are found to be
around 2.0–2.1 and 1.46–1.47, respectively. For most cases,
the combination of gives the best
BER performance. For and a larger factor,
the combination produces a slightly
lower BER than (2.1, 1.47). Therefore, the optimum ring ratio
and the amplitude decision threshold are chosen to be 2.1 and
1.47 in the computations.
Initially, the time delay and the maximum Doppler fre-
quency are set to be zero. Fig. 3 shows the performance
difference between the RC filter with rolloff factor
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Fig. 7. Average BER of RC-16 STAR-QAM in frequency-selective Rician fading with  = 0:5, K = 5 and 10 dB, d = 0:05, and fDT = 0.
and the rectangular pulse filter for double-spike delay profile
under Rician fading ( dB). The RC pulse shaping
outperforms the rectangular pulse shaping in the range of rms
delay spread smaller than 0.1. It is already known that the
pulse shape influences the bit-error probability performance
of digital modulation schemes in frequency-selective fading
channels. The effect of pulse shaping is enhanced as the order
of diversity combining increases. Since the RC filter is of more
practical interest, the subsequent graphs are all plotted for
RC-16 STAR-QAM.
BER performances for three delay profiles under a different
Rice factor ( and dB) are illustrated in Figs. 4
and 5. The results indicate that the average irreducible BER
of 16 STAR-QAM under frequency-selective Rician fading
is insensitive to the shape of the delay profiles, which agrees
well with previously published works [8], [12], [16] on various
modulation schemes in Rayleigh fading channels. For Rician
fading, BER curves are no longer straight lines for a small
rms delay spread as they are in the case of Rayleigh fading.
As expected, Figs. 4 and 5 show that Rician fading channels
have better BER performance than Rayleigh fading channels
because of the existence of the unfaded specular component.
The larger the proportion of the LOS in the received signal,
the smaller the average irreducible BER. Furthermore, with the
increase of the Rice factor , the favorable effect of diversity
is more prominent.
Fig. 6 exhibits the different error rates with and without
Doppler spread. When the normalized maximum Doppler
frequency is present, error is dominated by the time
variation of the multipath component (not the ISI caused
by delay spread) for the range of small rms delay spreads.
Therefore, BER is almost constant for small values of rms
delay spread, and the level of the BER floors is governed
by the normalized maximum Doppler frequency . As the
frequency selectivity of the channel gets more severe, ISI
becomes the primary cause of error, hence, BER increases
with the increase of rms delay spread.
Figs. 7 and 8 reveal that when a time delay between the
specular and diffused components is present, BER perfor-
mance is degraded dramatically. An error floor emerges for
small rms delay spreads, caused by the ISI-induced error
associated with the time delay between the LOS and multipath
components. Moreover, with the increase of the rms delay
spread, distortions to signal will be more severe, and as a
result, the average irreducible BER rises. By observing
dB curves in Figs. 5, 7, and 8, the BER difference between
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Fig. 8. Average BER of RC-16 STAR-QAM in frequency-selective Rician fading with  = 0:5, K = 5 and 10 dB, d = 0:1, and fDT = 0.
various delay profiles for the range of rms delay spread higher
than 0.2 becomes larger as the normalized LOS multipath time
delay increases. The one-sided exponential delay profile is
shown to have the lowest average BER for .
It is interesting to note that, by comparing Figs. 5, 7, and 8,
the decrease in the error probability as factor becomes larger
is less pronounced as the time delay between the specular and
diffused components increases. This is because in the presence
of the LOS multipath delay, the distortion comes from the in-
terference of the specular and diffused components having dif-
ferent delay times. Therefore, enlarging the power of the spec-
ular component is less effective in alleviating the distortion to
signals. The results obtained clearly demonstrate this effect.
Fig. 9 shows that ISI caused by the LOS multipath time
delay dominates the average irreducible error even in the
presence of Doppler spread. The difference in BER with and
without Doppler spread at is already negligible,
and the difference will be further minimized as increases.
The effect of rolloff factor on the BER of 16 STAR-QAM is
clearly depicted in Fig. 10. The BER performance improves
monotonically as the bandwidth increases as shown in [12]
for the Rayleigh fading case.
All the figures indicate that diversity reception is a powerful
technique to improve the BER performance. In Figs. 7 and 8
(for dB), it is clear that the transmitted information
cannot be satisfactorily decoded and detected without diversity
reception. However, the effectiveness of diversity is rapidly
weakened as the normalized rms delay spread increases.
VI. CONCLUSIONS
In summary, this paper is concerned with the BER per-
formance of 16 STAR-QAM in frequency-selective Rician
fading channels with diversity reception. From the theoretical
analysis and computational results, the adverse effect of rms
delay spread and LOS multipath time delay on the average
irreducible BER are quantitatively demonstrated. Detection
error probabilities are relatively independent of the type of
delay profile, especially when the time delay between the spec-
ular and diffused components is small, but are dramatically
increased by the LOS multipath time delay. The stronger the
specular component in the received Rician faded signal, the
better the system BER performance. However, this tendency
is lessened in the presence of large LOS multipath time delay.
In addition, the unfavorable effect of Doppler spread is also
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Fig. 9. Average BER of RC-16 STAR-QAM in frequency-selective Rician fading with exponential profile,  = 0:5, K = 5 dB, and d = 0:05.
overwhelmed by the LOS multipath time delay. As a result, in
a frequency-selective channel, time delays introduce large ISI
and bring about severe distortions to the transmitted signal,
causing significant errors.
APPENDIX
INVARIANT FOUR-SYMBOL PATTERNS
ISI caused by the delay spread produces detection errors.
As stated in Section IV, to evaluate the error performance
under frequency-selective fading rapidly and conveniently,
some error probability invariant properties may be employed
to reduce the computational load. This Appendix describes in
detail the error probability ( ) invariant properties of certain
four-symbol patterns in the set of all possible four-symbol
sequences. Instead of using the original set of 16 patterns
as formulated in (24) in the main text, the overall bit-error
probability is computed using a reduced set of 4160
four-symbol patterns by
(25)
where the probability of occurrence of is the size of
cluster corresponding to divided by 16 , assuming equally
probable ’s in . This is due to the fact that some patterns
in the original set have the same phase and amplitude detection
error probabilities, therefore, the same bit-error probabilities,
so that they can be combined into a group and represented by
a single pattern. invariant properties describe what kinds
of patterns produce the same BER and hence belong to the
same group.
Given , , ,
from (13), (19), and the expressions
for three delay profiles (4)–(6), the following can be shown.
1) Conjugating
(26)
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Fig. 10. Average BER of RC-16 STAR-QAM in frequency-selective Rician fading versus  for exponential profile, K = 5 dB, d = 0, and rms = 0:1.
For phase detection, referring to (18) in the main text,
the parameters and associated with
pattern are the same as their values associated with
pattern . Hence, the phase detection error probability
is equal to . By similar arguments, re-
ferring to (22), the amplitude detection error probability
is the same as .
2) Phase offsetting
(27)
In the phase-offsetting operation, in (27) can only take the
values of – , and this will cover all possible
variations of phase for a given .
Again, by observing (18), (22), (26), and (27), it can be seen
that the values of parameters and are the same for
patterns and . Consequently, the error probabilities
of these related patterns are identical
(28)
Members of the reduced set were searched through a
computer program from the original 16 patterns. A total
number of 4160 patterns have been found and form the new
set .
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